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Abstract 
 Warm mix asphalt (WMA) has been used worldwide for many years, primarily in Europe. 
The National Asphalt Pavement Association first brought WMA to the United States in 2002. By 
using warm mix technology, the temperature of an asphalt mixture during production, 
transportation, and compaction decreases dramatically. Several concerns about WMA arise due 
to the reduced mixing temperature.  One of the primary concerns in asphalt pavement is the 
moisture damage.  The lower mixing temperature may not be high enough to vaporize all the 
moisture absorbed in the aggregate, and part of the moisture may be entrapped in the pavements 
during compaction.  This thesis presents a laboratory study to evaluate the moisture susceptibility 
of warm mix asphalt (WMA) produced through plant foaming procedure.   
 Two types of mixtures were evaluated. A base mixture meeting the state of Tennessee 
“BM-2” mix criteria was evaluated at 0, 30, 40, and 50 percent fractionated recycled asphalt 
pavement (RAP), and a surface mixture meeting the state of Tennessee “411-D” mix criteria was 
evaluated at 15, 20, 30, 40 percent fractionated RAP. WMA mixture specimens were obtained 
and compacted at the asphalt plant.  The WMA specimens were compared to hot-mix asphalt 
(HMA) specimens through a set of laboratory mixture performance tests.  In addition to 
traditional AASHTO T283 freeze and thaw (F-T) tensile strength ratio (TSR), Superpave indirect 
tensile test (IDT) with F-T and MIST conditioning, and Asphalt Pavement Analyzer (APA) 
Hamburg wheel tracking tests were utilized to evaluate asphalt mixtures.   
 Moisture tests indicated that with the higher inclusions of RAP, specimens exhibited 
lower rut depths and higher tensile strength retention. Tensile strength ratio tests indicated that 
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HMA specimens had higher tensile strength retention when freeze thaw conditioned. Dynamic 
modulus conditioned specimens indicated that simple performance tests can show the difference 
between conditioned and unconditioned specimens. HMA specimens showed lower 
susceptibility to moisture compared to WMA specimens for both BM-2 and 411-D mixtures. The 
higher percentages of RAP in WMA and HMA in both BM-2 and 411-D mixtures showed a 
reduction to moisture susceptibility.   
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Chapter 1 
Introduction 
1.1 Background 
Over 500 million tons of asphalt are produced each year in the United States. With 
concerns about global warming and energy consumption, the asphalt industry is always looking 
for ways to lower its carbon footprint. Warm mix asphalt (WMA), along with Recycled Asphalt 
Pavement (RAP), are both steps in that direction. Warm mix asphalt is a term used to describe 
typical hot mix asphalt produced at lower temperatures with the help of additives.  RAP has been 
used for several years. The United States currently recycles more than 80 percent of all asphalt to 
build and maintain new pavements. By using fractionated, separated and screened, RAP 
producers can treat RAP like virgin aggregate in order to obtain the proper gradation and 
incorporate more RAP into the mix design.  
WMA has been used worldwide for many years, primarily in Europe. The National 
Asphalt Pavement Association first brought WMA to the United States in 2002. By using warm 
mix technology, the temperature of an asphalt mixture during production, transportation, and 
compaction decreases dramatically. In fact, the decrease in temperature may range from 50-
100°F, which also reduces energy consumption. A reduction in energy consumption not only 
saves money, but it also lowers the emission of greenhouse gas. The reduction of emissions also 
improves conditions for workers. However, more attention is being paid to WMA susceptibility 
to   moisture.  By lowering mixing temperatures, the moisture in the aggregate does not 
completely evaporate during mixing. As a result, water may be left in close contact with the 
aggregate surface, which could lead to an increased susceptibility to moisture damage.  
RAP is another welcomed resource. Virgin aggregates are a limited resource; the use of 
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fractionated RAP can replace high percentages of virgin aggregates. RAP consists of aged 
asphalt and crushed stones.  RAP is obtained by milling the top inches of aged asphalt pavement.  
The milled RAP is separated and screened to gradations. The fractionated RAP is added as 
aggregate at the plant where it is combined with virgin aggregate and asphalt cement to produce 
new pavement. 
 
1.2 Problem Statement 
 Several concerns about WMA arise due to the reduced mixing temperature.  One of the 
primary concerns in asphalt pavement is the moisture damage.  The lower mixing temperature 
may not be high enough to vaporize all the moisture absorbed in the aggregate, and part of the 
moisture may be entrapped in the pavements during compaction. Thermal pictures are shown in 
Figure 1 of WMA versus HMA temperatures. Some of the WMA additives contain water 
molecules to lower the viscosity of the mix.  However, the released water molecules may be 
entrapped in the asphalt pavements during compaction.  The entrapped free water molecules in 
asphalt mixtures will cause moisture damage and lead to the failure of asphalt pavements. 
 
 
Figure 1. Temperature of Mixtures  
WMA HMA 
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Adequate moisture damage tests need to be performed to make sure WMA will perform 
as well as HMA.  AASHTO T283 is predominately used to determine HMA moisture damage 
susceptibility. However studies have shown AASHTO T283 to be highly variable. 
 Since RAP is highly variable in its size distribution, composition, and asphalt binder 
properties, uniformity has been a major concern.  Another major issue is the durability 
characteristics of asphalt mixtures that contain a high percentage of RAP because aged asphalt 
binder in RAP is stiffer and more brittle than a virgin asphalt.  Fatigue and other cracking 
resistance may be compromised for flexible pavements containing high percentages of RAP. 
 
1.3 Objective 
 The objective of this research was to evaluate the moisture damage in WMA with the 
inclusion of fractionated RAP produced by Tennessee contractors.  In addition to traditional 
AASHTO T283 freeze and thaw tensile strength ratio, three other moisture damage tests were 
evaluated to determine the practicality of their use: Hamburg, dynamic modulus ratio, and tensile 
strength ratio with MIST conditioning. The WMA evaluated was a typical Tennessee “BM-2” 
base mixture and “411-D” surface mixture using the double barrel green system.  The 
percentages of fractionated RAP included in the WMA mixtures were 0, 30, 40, and 50 for the 
base mixture and 15, 20, 30, and 40 for the surface mixture.   
 
1.4 Scope of Study 
 WMA and hot mixed asphalt (HMA) mixtures containing fractionated RAP were 
obtained directly from Tennessee asphalt plants.  The BM-2 mixtures contained 0, 30, 40, and 50 
and the 411-D mixtures contained 15, 20, 30, and 40 percent fractionated RAP, respectively.  
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Asphalt binders (PG 64-22) contained a 0.3 percent anti-stripping agent, Arr-Maz LOF-6500 for 
the BM-2 mixtures and Pavegrip 300 for the 411-D mixtures.  WMA pills were compacted on 
site at the plants with the University of Tennessee Asphalt Mobile Laboratory.  HMA mixtures 
were brought back from the plant and compacted at the University of Tennessee’s Civil 
Engineering materials laboratory at 150 C. 
 Laboratory experiments were conducted using three different moisture damage test 
methods: the Superpave Indirect Tensile (IDT), the APA Hamburg wheel tracking, and simple 
performance tests. The Superpave IDT test specimens were conditioned with freeze thaw (F-T) 
or moisture induced stress test (MIST).  411-D mixtures were only MIST conditioned. The 
simple performance test (SPT) was used to determine the dynamic modulus of specimens 
conditioned with MIST.  SPT dynamic modulus with MIST conditioning was only conducted on 
WMA and HMA mixtures containing 0 percent fractionated RAP.  The Superpave IDT, resilient 
modulus (Mr) and strength tests were performed on IDT conditioned, as well as unconditioned, 
specimens for BM-2 mixtures.  The APA Hamburg wheel tracking test was run for 10,000 cycles 
or maximum rut depth.  MIST conditioning was run for 1,000 cycles.  
 Fatigue and rutting tests were also run on all BM-2 mixtures.  The APA rutting test was 
run for 8,000 cycles to determine rut depth.  The Superpave IDT and SPT tests were used to 
characterize fatigue in each mixture. 
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Table 1. Laboratory Tests  
Laboratory Tests 
Mixtures 
  
IDT  
  
Mr 
  
SPT  TSR Hamburg 
  
APA 
  MIST Unconditioned MIST F-T Unconditioned 
411-D 
WMA-15%       x x   x x   
HMA-15%       x x   x x   
WMA-20%       x x   x x   
WMA-30%       x x   x x   
HMA-30%       x x   x x   
WMA-40%       x x   x x   
BM-2 
WMA-0% x x x x x x x x x 
HMA-0% x x x x x x x x x 
WMA-30% x x   x x x x x x 
HMA-30% x x   x x x x x x 
WMA-40% x x   x x x x x x 
WMA-50% x x   x x x x x x 
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Chapter 2 
Literature Review 
 
2.1 Background 
 WMA is a new technology brought to the United States in 2002 from Europe.  WMA 
technology consists of additives used to lower the mixing and compacting temperatures of hot 
mix asphalt.  Decreases in energy consumption and greenhouse gases have made WMA a 
popular topic in the asphalt industry.  Introducing WMA with fractionated RAP could further 
reduce the cost of constructing and maintaining new roads. 
 
2.2 Warm Mix Asphalt Technology 
Advera® WMA  
Advera WMA is a product of PQ Corporation, Malvern, PA.  It is a manufactured 
synthetic zeolite (Sodium Aluminum Silicate) which has 18-21 percent of its mass as water 
entrapped in its crystalline structure.  This water is released at temperatures above 210° F which 
creates a foaming of the binder in the mix.  This amount of water, > 0.05 percent on the mix, 
allows improvement in workability of the asphalt mix. Production and placement temperatures 
are typically 50° F – 70° F lower than conventional HMA.  PQ Corporation recommends the 
addition of 0.25 percent by weight of the mix. (FHWA 2008) 
Aspha-Min®  
Aspha-Min is a product of Eurovia Services GmbH, Bottrop, Germany. It is a 
manufactured synthetic zeolite (Sodium Aluminum Silicate), which has been hydro thermally 
crystallized.  The zeolite contains 21 percent water by mass and is released in the temperature 
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range of 185° - 360° F.  By adding Aspha-Min to the mix at the same time as the binder, a very 
fine water spray is created.  This release of water creates a volume expansion of the binder that 
results in asphalt foam and allows increased workability and aggregate coating at lower 
temperatures. Eurovia recommends adding Aspha-Min at a rate of 0.3 percent by mass of the 
mix, which can result in a potential 54° F reduction in typical HMA production temperatures. 
(FHWA 2008) 
Evotherm™  
Evotherm is a product developed by MeadWestvaco Asphalt Innovations, Charleston, 
South Carolina. Evotherm uses a chemical additive technology and a "Dispersed Asphalt 
Technology" delivery system. MeadWestvaco states that by using this technology a unique 
chemistry customized for aggregate compatibility is delivered into a dispersed asphalt phase 
(emulsion). During production, the asphalt emulsion with Evotherm chemical package is used in 
place of the traditional asphalt binder. MeadWestvaco has introduced its third generation of the 
technology co-developed by Paragon Technical Services, Inc & Mathy Technology and 
Engineering Services. The third generation of Evotherm is water free and does not rely on the 
principles of asphalt binder foaming or other methods of viscosity reduction. (FHWA 2008) 
Sasobit®  
Sasobit is a product of Sasol Wax (formerly Schümann Sasol), South Africa. Sasobit is 
described as a modifier or "asphalt flow improver". Sasobit is a fine crystalline, long chain 
aliphatic hydrocarbon produced from coal gasification using the Fischer-Tropsch (FT) process 
and is otherwise known as an FT paraffin wax (Figure 1). Sasol Wax states that the melting point 
of Sasobit is approximately 210° F and is completely soluble in asphalt binder at temperatures in 
excess of 240° F. It produces a reduction in the binder viscosity. This enables production 
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temperatures to be reduced by 18° - 54° F. At temperatures below its melting point, Sasobit 
forms a lattice structure in the asphalt binder that is the basis for the reported stability of asphalts 
that contain Sasobit. At service temperatures, Sasobit modified asphalts are reported to display 
an increased resistance to rutting. Sasol Wax recommends adding Sasobit at 3 percent by weight 
of the mix to gain the desired reduction in viscosity and should not exceed 4 percent due to the 
possible impact on the binder's low temperature properties. (FHWA 2008) 
Double Barrel Green  
The Double Barrel Green System, Figure 2, uses water to produce foamed warm mix 
asphalt that is odorless and smokeless. A multi-nozzle device is used to inject water directly into 
the mix while in the drum. The injection of water along with the liquid asphalt cement causes the 
liquid asphalt to foam and expand in volume. The foaming action helps the liquid asphalt to 
remain free-flowing and properly coat the aggregate at temperatures between the range of 230˚F 
- 270˚F. Astec recommends one pound of water per ton of mix. (Astec 2010) 
 
 
Figure 2.  Double Barrel Green System  
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2.3 Recycled Asphalt Pavement 
The national cooperative highway research program (NCHRP) researched how RAP 
could be used in a Superpave System.  It involved the “Black Rock Study”, “Binder Effects 
Study” and “Mixture Effects Study”.  In phase I, three different kinds of mixing were studied to 
see how RAP materials acted in the recycled hot mix asphalt mixture. Two other extreme mixing 
methods were considered: “Black rock” and “Total blending”. According to the results, actual 
practice is comparable to the total blending when RAP content is high, above 20 percent. 
However, all three kind of mixing methods were statistically the same. In phase II, blending 
charts were recommended for the effects of the hardened RAP binder on the blended binder. 
Binder tests according to the AASHTO MP1 were taken to see the effect of aged binder on the 
virgin one.  Test steps and procedures were given so that engineers could determine what grade 
of binder should be used in a certain project. The tiered approach allows for the use of up to 15 
to 30 percent RAP without extensive testing. Higher RAP contents can also be used when 
additional testing is conducted. In phase III, effects of RAP on the resulting mixture properties 
were investigated (0, 10, 20, and 40 percent). Superpave shear tests and indirect tensile tests 
were conducted to assess the effects of RAP on mixture stiffness at high, intermediate, and low 
temperatures. Beam fatigue testing was also conducted at intermediate temperatures. It seems 
that there will be a stiffening effect from the RAP binder at higher RAP contents. However, at 
low RAP contents, the mixture properties were not significantly different from those of mixtures 
with no RAP. Based on the effort above, HMA with RAP would be incorporated into the 
Superpave system. (McDaniel 2000) 
Shu and Huang evaluated the fatigue characteristics of HMA mixtures with different 
RAP contents (0 percent, 10 percent, 20 percent, and 30 percent) using different testing methods. 
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Superpave IDT tests and beam fatigue tests were employed to evaluate the performance of 
fatigue. Limestone and PG 64–22 were taken as study objective. The results from this study 
indicated that both Superpave IDT and beam fatigue tests agreed with each other in ranking the 
fatigue resistance of mixtures when proper procedures were followed. (Shu 2008) 
Li, et al. studied ten asphalt mixtures, including two different RAP sources, three RAP 
content percentages (0 percent, 20 percent, 40 percent), and two different asphalt binders (PG 
58-28 and PG 58-34) were investigated to determine the effect of RAP percentage and source on 
the properties of asphalt mixtures. The complex dynamic modulus and semicircular bend (SCB) 
fracture testing were taken to evaluate the performance of recycled asphalt concrete. The results 
showed that the stiffer asphalt binder produced higher dynamic modulus values for both the 
control and the RAP-modified mixtures. Meanwhile, the RAP source was a significant factor in 
the dynamic modulus at high temperatures, but not at low temperatures. Also, no significant 
statistical relationship between dynamic modulus and fracture energy was found. (Li 2008) 
Maine conducted a study using 75 percent RAP with 1.5 percent Sasobit for a base course 
mix with a PG52-28 binder mixed at 135˚C. There was low variability in the mixes showing 
Sasobit helped in obtaining a uniform mix. Also air voids where obtained at lower temperatures 
using Sasobit compared to HMA. (Mallick 2008) 
Washington Department of Transportation placed an 11 mile strip in June 2008 on I-90 
west of George containing 20 percent RAP with 2 percent Sasobit by weight of virgin binder 
with a PG76-28 binder. Observations of clumps in the mix were observed. Thermal images show 
the WMA leaving the truck at 176˚F. The clumps were thought to be due to the compaction 
temperature being lower than 216˚F which is the point at which Sasobit loses its viscosity 
reduction capabilities. However, even with the clumps, density and Hamburg results of the 
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WMA were equivalent to HMA. Also, dynamic modulus of the WMA was stiffer than the 
control mix. (Russell 2009) 
Mogawer, et al. evaluated WMA containing RAP. Advera and Sasobit were used in 
Superpave mixes containing 10 percent RAP for 12.5 mm and 25 percent RAP for 19 mm. 
Binder properties, workability, and mixture durability were considered.  Sasobit changed the 
performance grade and decreased the binder’s viscosity, while Advera had no effect on the 
binder. All WMA mixtures improved workability and increased moisture susceptibility. 
Mogawer, et al. recommends adding an anti-stripping agent to help with moisture problems. 
(Mogawer 2009) 
 
2.4 Performance Studies 
Wasiuddin, et al. evaluated rheological properties of binders containing Aspha-min and 
Sasobit. Two different binders were evaluated: PG64-22 and a SBS modified binder PG70-28. 
Aspha-min was dispersed at 0.2 percent, 0.3 percent, and 0.4 percent, and Sasobit was added at 2 
percent, 3 percent, and 4 percent. Each specimen was evaluated for viscosity, complex modulus, 
change in binder grade, and rutting. Sasobit reduced viscosity from 250mPa*s in the PGH64-22 
binder to 175mPa*s and from 502mPa*s to 390mPa*s in PG70-28. The reduction in viscosity 
corresponds to a temperature decrease in mixing by 10˚C, 12˚C, and 13˚C respectively for each 
increase in percentage of Sasobit. Sasobit also increased the complex modulus indicating an 
improvement of stability and resistance to deformation. Aspha-min did not affect viscosity or the 
complex modulus. Sasobit added at 4 percent increased PG64 grading to PG69 and increased 
PG70 which was found to be PG75 to PG79, PG80, and PG80 for each increase of percentage, 
respectively.  Aspha-min did not change the grading for PG64; however it increased PG75 to 
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PG77 for 0.2 percent of Aspha-min. Both additives for all percentages had lower rut depths than 
the control specimens.  (Wasiuddin 2007) 
Russ College of Engineering and Technology (RCET) collected specimens from a WMA 
project on state route 541 in Ohio. The project involved test strips of WMA containing 
Evotherm, Sasobit, Aspha-min, and a control strip. Specimens were obtained at construction, 3 
months, 1 year, and 22 months after construction. Specimens containing Evotherm had the same 
air voids, creep compliance, and tensile strength as the control mix. Aspha-min was found to be 
the softest mix indicating good resistance to low temperature cracking. Evotherm and the control 
mix’s indirect tensile strength did not vary with aging. Aspha-min and Sasobit indirect tensile 
strength’s decreased and then increased over time, indicating variance with seasons. RCET 
recommended the use of Evotherm since it produced the closest values to the control mix and 
Aspha-min for low temperature cracking. (Al-Rawashdeh 2008) 
Hurley and Prowell evaluated compactability, stiffness, rutting, and moisture for WMA 
containing Evotherm, Sasobit, and Aspha-min. Granite and limestone mixes were used with a 
binder grade of PG64-22. Specimens were compacted at 265˚F, 230˚F, and 190˚F. All additives 
improved compaction over control. Air voids increased at lower compaction temperature for the 
control mix, but did not increase for specimens with additives. Evotherm lowered air voids the 
most, followed by Sasobit, and Aspha-min.  Evotherm increased resilient modulus the most. 
Sasobit decreased resilient modulus, due to its anti-aging properties. All of the additives had 
lower rut depths than the control mix with Evotherm having the smallest rut depths. For moisture 
tests, specimens were compacted at 250˚F. Aspha-min passed TSR requirements while Sasobit 
failed. Lower tensile strengths and visual stripping were observed in all of the specimens 
including the control mix. The addition of 1.5 percent hydrated lime and the addition of 
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Magnabond improved both TSR and Hamburg values.  Additives compacted at the specified 
temperature were compared to HMA compacted at 300˚F. After comparison it was 
recommended that WMA be compacted no lower than 265˚F to insure the same quality as HMA. 
(Hurley 2006) 
Bhusal, et al. used the Hamburg wheel rut test to evaluate the moisture damage and 
rutting potential of control and WMA mixtures. The study compared WMA with Sasobit, WMA 
with Aspha-min, and a control, and the addition of anti-stripping agents to all mixes.  The 
specimens were loaded until either the maximum rut depth value was reached, 12 mm, or the 
maximum number of cycles, 10,000, was reached. The stripping inflection point was determined 
from the graph of rut depths versus number of cycles. The stripping inflection point defines the 
number of passes at which moisture damage starts adversely affecting the mixture. The higher 
the stripping inflection point, the less the asphalt mixture is likely to strip or be damaged by 
moisture. Bhusal also performed T283 on the specimens. Only the control mix with anti-
stripping agents and WMA with Sasobit and anti-stripping agents passed T283. However, the 
Hamburg wheel rut test showed WMA containing Sasobit and anti-stripping agent, WMA 
containing Sasobit, and WMA containing Aspha-min and anti-stripping agent to have the highest 
stripping inflection point respectively, indicating those would be the least susceptible to moisture 
damage.(Bhusal 2008) 
NCAT performed a study on WMA comparing Aspha-min, Sasobit, and Evotherm. The 
Hamburg wheel-tracking device was used to validate TSR results. The Hamburg test results 
varied in relation to the test results from the TSR testing. The Hamburg data showed a decrease 
in the moisture resistance of Sasobit. The Hamburg test did agree with TSR values for Aspha-
min confirming that the mixture had a lower resistance to moisture than the control mixture. Also 
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the addition of lime at 1.5 percent of the mix improved moisture resistance in the WMA. (Hurley 
2006) 
Xiao, et al. investigated the moisture damage of WMA containing moist aggregates. The 
moisture content was evaluated at 0 percent and 0.5 percent. Aspha-min and Sasobit were used 
in the study. Xiao conducted indirect tensile strength, TSR, deformation, and toughness tests on 
the specimens. It was found that neither WMA mixes altered indirect tensile strength dry values 
or toughness. Also conditioned indirect tensile strengths did not differ between mixes. 
Deformation resistance did decrease with the added moisture content.  The addition of lime 
increased the deformation resistance for all mixes. (Xiao 2009) 
 
2.5 Moisture Damage Test Methods 
The lower compaction temperature used when producing warm asphalt may increase the 
potential for moisture damage. The lower temperatures can result in inadequate drying of the 
aggregate, trapping water in the coated aggregate giving it the capability to produce moisture 
damage. Adequate moisture damage tests need to be performed to make sure WMA will perform 
as well as HMA.  
AASHTO T283 is predominately used to determine HMA moisture damage 
susceptibility. T283 evaluates the tensile strength ratio (TSR) of a conditioned specimen to a 
control specimen. However, in a study conducted by National Cooperative Highway Research 
Program (NCHRP), the water susceptibility of the mixtures, as described by the various state 
Departments of Transportation, did not satisfactorily match the observed behavior of the 
mixtures for a number of data groups. (Epps 2000) Another study found that T283 is highly 
variable due to specified allowable saturation levels. Specimens at 50 percent saturation would 
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pass TSR but would fail TSR at 70 percent saturation. (Zhu 2008) There has been ongoing 
research to develop an alternative to T283.  
Moisture induced stress test (MIST) is one alternative to condition the specimen. The 
MIST was developed to quickly simulate stripping due to repeated pore pressure generation in a 
saturated pavement under traffic load. The MIST consists of a system that uses a supply of 
compressed air to load and apply a vacuum to force air out and in, respectively through a HMA 
specimen. 
  Mallick, et al. conducted a study to evaluate HMA with and without hydrated lime 
comparing a model mobile load simulator (MMLS3), a freeze thaw conditioning and MIST 
conditioning. The study showed that a freeze thaw cycle was not sufficient to identify moisture 
susceptible mixes, and if a combination of high temperature, moisture, and high stress is 
expected in the pavement, a moisture induced stress testing system must be used to evaluate 
mixes for moisture and stress induced damage at high temperatures.  When MIST conditioned 
the results showed an improvement in strength with the addition of lime.  The tensile strength 
ratios obtained from the MIST conditioning agreed with the results obtained from MMLS3. 
(Mallick 2005) 
Moore, et al. conducted research using three levels of anti-stripping: none, one percent 
hydrated lime, and one percent hydrated lime plus liquid anti-stripping agent, to see if MIST 
could accurately predict HMA stripping by measuring turbidity difference. The data taken from 
the change in turbidity ratio clearly indicates that stripping is occurring during the test. (Moore 
2004) 
The Hamburg wheel-tracking device can be used to evaluate moisture damage of HMA.  
Studies were conducted to evaluate factors that influence the results from the Hamburg wheel-
16 
 
tracking device. The Hamburg wheel-tracking device was found to be sensitive to (a) quality of 
aggregates, (b) asphalt cement stiffness, (c) length of short-term aging, (d) refining process or 
crude oil source of the asphalt cement, (e) liquid and hydrated lime anti-stripping treatments, and 
(f) compaction temperature. (Aschenbrener 1995) 
Zollinger applied surface energy in the evaluation of moisture damage.  Universal 
Sorption Device (USD) and Wilhelmy plate were employed to measure the surface energy of 
aggregates and binder, respectively. The ratio of the adhesive bond energy under wet condition 
to the adhesive bond energy under dry condition (∆GaW/∆GaD) was given to identify possible 
problematic combinations of aggregates and binder. Meanwhile, Zollinger also developed an 
experimental protocol which is based on surface energy to evaluate the susceptibility of asphalt 
mixes to moisture damage by dynamic mechanical analyzer (DMA). The ratio of the number of 
cycles to failure under wet conditions to the number of cycles to failure under dry condition 
Nf(wet)/Nf(dry) was adopted to show the resistance of asphalt mixture to moisture damage. 
(Zollinger 2005) 
Aksoy, et al studied the effects of four additives on the moisture damage of asphalt 
mixtures. Conventional methods, both original and thin-film oven aged, were employed to 
evaluate the rheological characteristics of the binders, while, mechanical characteristics of the 
mixtures were evaluated by Marshall, indirect tensile and Lottman treatment tests. The additives 
used in this study reduced the level of damage due to moisture in asphalt mixtures. Aksoy also 
found some relevance of the Marshall Test and indirect tensile test. (Aksoy 2005) 
Cheng, et al. proposed two moisture damage models which based on major moisture 
failure mechanisms: an adhesion failure model and a moisture diffusion model. They think the 
amount of moisture that permeates a binder is identified as a key factor in the moisture damage. 
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Meanwhile, mechanics-based experiments conducted on asphalt mixtures validated the results 
from the adhesion failure and diffusion models. (Cheng 2003) 
McCann, et al. applied ultrasonic accelerated moisture conditioning (UAMC) to a 
quantitative analysis to evaluate the moisture sensitivity of hot mix asphalt (HMA) mixtures. 
UAMC is accomplished by containing a loose specimen of HMA on a sieve in a 60 ℃ water 
bath while subjecting the specimen to ultrasonic energy. To quantify the moisture damage of 
HMA mixtures, the percent of material lost from the specimen is recorded for five hours and 
plotted with respect to conditioning time. The value of the slope which is the linear regression 
function of percentage of material lost from the specimen with the conditioning time could be 
used as the indicator for the moisture damage of asphalt mixture. McCann found that UAMC 
slope for all mixes had a significant relationship to tensile strength test results after one and 
multiple cycles of freeze-thaw conditioning. (McCann 2006) 
  
18 
 
Chapter 3 
Research Methodology 
This chapter presents information about the materials used in the mixtures along with 
how the mixtures were prepared for testing. A brief description of the testing procedures is also 
presented. 
 
3.1 Materials 
Coarse aggregate consisted of limestone, BM-2 Rock and #7 stone, with a nominal 
maximum aggregate size of 19 mm for BM-2 mixtures and D Rock with a nominal maximum 
aggregate size of 12.5 mm for 411-D mixtures. The fine aggregates consisted of No. 10 
screenings and natural sand.  A combination of minus ½ inch and minus 5/16 inch fractionated 
RAP was used. The asphalt binder had a PG 64-22 and contained 0.3 percent anti-stripping 
agent, Arr-Maz LOF-6500 for BM-2 mixtures and Pavegrip 300 for 411-D mixtures, by weight.  
 
3.2 Mix Design 
Standard Marshall Mix design was used. Twelve different mixtures were studied, six 
BM-2 mixtures and six 411-D mixtures. BM-2 mixtures consisted of WMA, HMA, HMA 30 % 
RAP, WMA 30 % RAP, WMA 40%RAP, and WMA 50%RAP. 411-D mixtures consisted of 
WMA 15% RAP, HMA 15% RAP, WMA 20% RAP, WMA 30% RAP, HMA 30% RAP, and 
WMA 40% RAP.  All twevle mixtures were obtained directly from the asphalt plant. The BM-2 
mixtures contained BM-2 Rock and #7 limestone and the 411-D mixtures contained D rock.  
Natural sand and No. 10 screenings were used for the fine aggregate. A combination of minus ½ 
inch and 5/16 inch fractionated RAP was used for the RAP mixtures. The optimal asphalt content 
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was 4.2 percent with a specific gravity of 1.03 for the BM-2 mixtures and 5.3 percent with a 
specific gravity of 1.03 for the 411-D mixtures. An anti-stripping agent, Arr-Maz LOF-6500 for 
BM-2 mixtures and Pavegrip 300 for 411-D mixtures, was used in all mixtures at 0.3 percent by 
weight.  
 
3.3 Specimen Preparation 
WMA pills were made on site and HMA pills were made in the laboratory. All pills were 
compacted by the Superpave Gyratory Compactor. Pills were cut into specimens using a wet 
blade saw into their respective sizes for each test. Prior to testing, all specimens were checked for 
air voids in accordance with AASHTO T-269 to validate proper air void requirements.  
Two types of moisture conditioning were used in this study: MIST and F-T conditioning.  
The MIST was developed to simulate the conditions of repeated generation of pore pressure in a 
saturated pavement under traffic load. MIST consists of a system that uses a supply of 
compressed air supplied through a regulator to load and apply vacuum to force water out and in 
through an asphalt concrete specimen.  The specimen is kept in water maintained at a constant 
temperature. In this study, the water temperature was 40 C˚, and the air pressure was 40 psi. 
Tests were conducted on the specimens after 1000 cycles of conditioning. F-T conditioning was 
done in accordance with ASTM D4867 for one cycle. 
 
3.4 Test Methods 
The following laboratory tests were conducted to determine moisture susceptibility and 
performance of WMA mixtures containing 0, 15, 20, 30, 40 and 50 percent fractionated RAP: 
1. Indirect Tensile Strength Tests 
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2. Simple Performance Tests 
3. Hamburg Wheel Tracking Device 
4. Asphalt Pavement Analyzer Rut Test 
 
3.4.1 Indirect Tensile Strength and Strain Test  
The IDT strength test was used to determine tensile strength and strain of specimens with 
a 6 inch diameter and a 2 inch height, Figure 3. For each BM-2 mixture six specimens were 
monotonically loaded to failure along the vertical diametric axis at the constant rate of 3 in/min. 
This type of loading configuration, which develops a relatively uniform tensile stress 
perpendicular to the direction of the applied load and along the vertical diametric plane, causes 
the specimen to fail by splitting along the vertical diameter (Roberts 1991). All IDT tests were 
conducted at 25˚C.  During the testing the load and deformation were continuously recorded 
where maximum load carried by the specimen was determined and used to compute indirect 
tensile stress at failure with the following equation:  
     	
                                                                 (1) 
Where, σ
x 
is horizontal tensile stress at center of specimen, psi; P
ult 
is peak load, lbs; t, thickness 
of specimen, in; D, diameter of specimen, in.  
 
Figure 3.  Indirect Tensile Strength Test 
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3.4.2 Resilient Modulus 
Resilient Modulus test were conducted on 6 inch diameter by 2 inch height specimens at 
25˚C. The resilient modulus testing procedure was done according to the IDT System developed 
by Roque et al. (1997). Strain gages were used to obtain vertical and horizontal strain readings. 
Four strain gages were placed on the specimen with the aid of the brass gage points which were 
glued on to the specimen prior to testing. The test was conducted by applying a repeated peak-
load resulting in horizontal deformations within the range of 200–300 microstrain. Each load 
cycle consists of 0.1-s load application followed by a 0.9-s rest period. The load and deformation 
were continuously recorded and resilient modulus was calculated as following: 
 
                                                                   (2) 
 
Where, MR is resilient modulus, psi; GL, Gage length, in; ∆H, horizontal deformation, in; t, 
thickness of specimen, in; D, diameter of specimen, in; Ccmpl, nondimensional creep 
compliance factor, Ccmpl = 0.6354  
- 0.332 and (X/Y) is the ratio of horizontal to 
vertical deformation. 
 
3.4.3 Dissipated Creep Strain Energy 
Roque et al. performed laboratory and field studies to characterize and develop a 
viscoelastic fracture mechanics based law on the crack growth rate of HMA mixtures using 
Superpave Indirect tension test. The dissipated creep strain energy limit (DCSE$) and the fracture 
energy limit (FE) account for the crack development in HMA mixtures, Figure 4. Below two of 
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the limits, only healable micro-damage occurs. Non-healable macro-damage appears if one of the 
limits is exceeded. This suggests that the higher the values of DCSE or FE, the longer the fatigue 
life of HMA mixtures. (Roque 2001) With IDT strength test stress strain response, the dissipated 
creep strain energy limit (DCSE$) was determined as following: 
 
%&'()  *( + ((                                                          (3) 
 
Where FE, fracture energy, is the area under the stress strain curve to the failure strain,,), and EE 
is the elastic energy. 
 
*(   - '.,/0,123                                                             (4) 
 
     ((    '.,) + ,3/                                                          (5) 
 
 
Figure 4.  Determination of Creep Strain Energy Threshold (DCSEf) 
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3.4.4 Simple Performance Tests 
For this study, the simple performance tester was used to determine dynamic modulus, 
phase angle, and flow number. The testing procedure for dynamic modulus testing is derived 
from NCHRP 9-29 Simple performance tester for superpave mix design. Test specimens are 
placed in an environmental chamber that has been set to the appropriate testing temperature ± 0.5 
C°. A continuous uniaxial sinusoidal (haversine) compressive stress is applied to the unconfined 
specimen at a specified test frequency. Linear Variable Displacement Transducers (LVDT) are 
used at 120° angles to capture deformation of the specimen during the test. The applied stress 
and the resulting recoverable axial strain response of the specimen is measured and used to 
calculate the dynamic modulus and phase angle. The stress-to-strain relationship for a linear 
viscoelastic HMA specimen is defined by a complex number called the complex modulus (E*). 
The absolute value of the complex modulus, |E*|, is defined as the dynamic modulus. (Witczak 
2005) |E*| and phase angle for each frequency is calculated as follows: 
 
Dynamic Modulus, |E*| = 4515                                                   (6) 
 
Where,  3 is the loading stress and ,3 is the recoverable axial strain each frequency.  
 
Phase Angle, Ф = 67  360                                                             (7) 
 
Where, ;< is the average time lag between a cycle of stress and strain (sec) and ;= is the average 
time for a stress cycle (sec).  
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In this study, the dynamic modulus was conducted with a haversine load inducing 
approximately 100 microstrain in the specimen, Figure 5. The test was conducted on triplicate 
unconditioned specimens for each mix. Triplicate MIST conditioned BM-2 virgin WMA and 
HMA specimens were also tested and a ratio of unconditioned dynamic modulus to conditioned 
dynamic modulus was observed. Each specimen was tested at 10 C°, 25 C°, and 54 C° using 
frequencies of 25, 20, 10, 5, 2, 1, 0.5 and 0.1 Hz, respectively. 
Flow Number, Fn, is defined as the number of load repetitions at which shear 
deformation, under constant volume, starts. Flow number is determined from the triaxial 
repeated load test. Flow Number is used to evaluate the creep characteristics of HMA as related 
to permanent deformation. Tests were performed by applying a uniaxial compressive load to the 
specimen. A haversine compressive load is applied for a loading time of 0.1 seconds and a rest 
duration of 0.9 seconds for a maximum of 10,000 cycles or until a deformation of 50,000 
microstrain is reached. The test was conducted on triplicate unconditioned and MIST 
conditioned specimens at 54 C°.  
 
 
Figure 5.  Simple Performance Test 
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3.4.5 Tensile Strength Ratio 
Laboratory experiments were conducted to test for moisture damage using Superpave 
IDT with freeze thaw and MIST conditioning. Six specimens from each mixture with a height of 
two inches and a diameter of six inches were tested for indirect tensile strength, resilient 
modulus, and dissipated creep strain energy. From each mixture two specimens were 
unconditioned, two specimens were conditioned with F-T in accordance with ASTM D4867 for 
one cycle, and two specimens were conditioned with MIST. For 411-D mixtures two specimens 
were unconditioned and two specimens were conditioned with MIST. 
MIST is an untraditional way to condition a specimen.  The MIST, Figure 6, was 
developed to simulate the conditions of repeated generation of pore pressure in a saturated 
pavement under traffic load. MIST consists of a system that uses a supply of compressed air 
supplied through a regulator to load and apply vacuum to force water out and in through an 
asphalt concrete specimen.  The specimen is kept in water maintained at a constant temperature. 
In this study, the water temperature was 40 C˚, and the air pressure was 40 psi. Tests were 
conducted on the specimens after 1000 cycles of conditioning. 
 
 
Figure 6.  Moisture Induced Stress Conditioning 
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3.4.6 Hamburg Wheel Tracking Device and Asphalt Pavement Analyzer 
The Asphalt Pavement Analyzer was used to conduct a Hamburg wheel tracking test, 
Figure 7.  The test produces damages to the specimen by rolling a steel wheel across the surface 
of a specimen that is submerged in water at 50°C. A specimen was submerged in the water set to 
a temperature of 50˚C for 30 minutes prior to applying the load.  The specimens were loaded 
until either the maximum rut depth value was reached, 12 mm, or the maximum number of 
cycles (10,000) was reached. One cycle consists of a forward and a backwards pass of the steel 
wheel across the specimen. Hamburg specimens were evaluated for their maximum rut depth of 
their stripping inflection point. The stripping inflection point was determined from the graph of 
rut depths versus number of cycles. This point defines the number of passes at which moisture 
damage starts adversely affecting the mixture. The higher the stripping inflection point the less 
the asphalt mixture is likely to strip or be damaged by moisture. (Izzo 1999) 
 
 
Figure 7.  Hamburg Wheel Tracking Device 
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The Asphalt Pavement Analyzer (APA) is a laboratory accelerated loading equipment 
that can be used to evaluate rutting potential of HMA, shown in Figure 8. The APA utilizes a 
pressurized rubber hose and loaded wheels to simulate permanent deformation in the HMA. The 
specimens are placed in a mold under a rubber tube rack. An air supply was used to provide the 
hose with 100psi of air pressure. Wheels provide a load of 100 pounds of force and pass back 
and forth over the specimens. For this study, two specimens from each BM-2 mixture were 
tested. Cylindrical specimens with a diameter of six inches and cut to a height of three inches 
were placed in the APA chamber for a minimum of two hours at 64˚C before each test. The APA 
chamber was kept at 64˚C for the entirety of the test. The wheels passed over the specimens for 
8,000 cycles. After 8,000 cycles maximum rut depth was recorded.  
 
 
Figure 8.  Asphalt Pavement Analyzer Rutting 
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Chapter 4 
Results and Discussion 
 
4.1 Indirect Tensile Strength and Strain Test 
Indirect tensile (IDT) strength and strain tests were conducted on WMA specimens with 
the inclusion of fractionated RAP to evaluate fatigue properties.  A summary of the results are 
presented in Table 1.  IDT strength increased with the inclusion of higher percentages of RAP, 
except for WMA with 50% RAP.  The lower tensile strength of the WMA with 50% RAP is 
believed to be due to the higher air voids in those particular specimens.  It was also observed that 
virgin HMA had a higher IDT strength than virgin WMA, while WMA with 30% RAP had a 
higher IDT strength than HMA with 30% RAP as seen in Figure 9.  This finding could be 
explained by the higher air voids in the virgin WMA and the lower air voids in WMA with 30% 
RAP.  
Resilient modulus (Mr) was conducted to determine the stiffness of the WMA and HMA 
mixtures.  In Figure 10, it can be seen that Mr values increased with each inclusion of RAP as 
expected.  Virgin HMA showed a higher Mr than virgin WMA indicating that the HMA would 
be a stiffer mixture.  HMA and WMA with 30% RAP had approximately the same Mr value 
however; WMA with 30% RAP Mr value was slightly lower.  The results of dissipated creep 
strain energy (DCSE$) can be seen in Figure 11.  DCSE$ was found to decrease with each 
inclusion of RAP as expected.  Virgin HMA had a higher DCSE$ than Virgin WMA.  A higher 
DCSE$ was also observed in the HMA and WMA with 30 % RAP.  The DCSE$ values indicate 
that HMA would have a longer fatigue life then WMA.  
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Table 2. Indirect Tensile Strength and Strain Tests 
Mixture 
Indirect Tensile 
Strength 
Strain at 
Failure  
Resilient Modulus, 
Mr DCSE$ 
Air 
Voids 
  psi Mpa (in/in) psi Mpa psi KJ/m3 % 
BM-2 
WMA-0% 135 0.931 0.0046 762195 5255 0.540 3.721 3.8 
HMA-0% 184 1.266 0.0027 883908 6094 0.544 3.747 3.3 
HMA-30% 224 1.545 0.0026 1009743 6962 0.534 3.681 3.6 
WMA-30% 309 2.129 0.0027 990421 6829 0.529 3.649 2.7 
WMA-40% 382 2.632 0.0022 1195498 8243 0.521 3.595 3.2 
WMA-50% 327 2.254 0.0021 1428187 9847 0.512 3.531 3.7 
 
 
Figure 9.  Indirect Tensile Strength 
 
 
Figure 10.  Resilient Modulus 
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Figure 11.  Dissipated Creep Strain Energy 
 
4.2 Simple Performance Test 
4.2.1 Unconditioned Simple Performance Test 
The simple performance tester was used to determine dynamic modulus, phase angle and 
flow number.  Results for dynamic modulus and phase angle are shown in Tables 2, 3, and 4.  
Similar trends were seen at all temperatures tested.  Dynamic modulus increased as RAP content 
was increased in both BM-2 and 411-D mixtures as seen in Figures 12, 13, and 14.  For 411-D 
mixtures HMA with 30% RAP had the highest dynamic modulus value. For BM-2 mixtures 
HMA with 30% RAP had the lowest dynamic modulus value.  
Flow number results are shown in Table 5.  Flow number was tested at 54°C. The results 
show that as the RAP content is increased so does the flow number. HMA was observed to have 
higher flow numbers than WMA.
0.490
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Figure 12. Dynamic Modulus at 10°C 
 
 
    Table 3. Dynamic Modulus and Phase Angle at 10°C 
 
10˚C Mixture 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5 Hz 0.2 Hz 0.1 Hz 
Dynamic 
Modulus 
(MPa) 
411-D 
WMA-20% 13202 12866 11719 10595 9120 8062 7017 5696 4810 
WMA-30% 15237 14880 13778 12670 11215 10051 8917 7484 6442 
HMA-30% 18570 18142 16924 15816 14189 12971 11724 10097 8864 
WMA-40% 18636 18037 16713 15317 13446 12109 10946 9179 8011 
BM-2 
HMA-30% 20442 20084 18968 17844 16344 15155 13941 12279 11046 
WMA-30% 27584 27068 25557 24019 22006 20385 18713 16513 14830 
WMA-40% 26119 25751 24469 23227 21559 20253 18833 16932 15521 
WMA-50% 24322 23953 22823 21683 20204 18943 17624 15858 14519 
Phase 
Angle 
(Degrees) 
411-D 
WMA-20% 12.15 12.74 14.18 15.70 17.95 19.67 21.46 23.97 25.72 
WMA-30% 10.30 10.72 11.97 13.19 15.02 16.53 18.20 20.59 22.71 
HMA-30% 8.67 8.89 9.98 10.78 12.33 13.54 14.85 16.91 18.60 
WMA-40% 14.09 14.38 12.59 12.04 15.86 13.12 15.02 17.32 17.98 
BM-2 
HMA-30% 7.22 7.68 8.40 9.24 10.50 11.51 12.68 14.51 16.03 
WMA-30% 7.17 7.52 8.34 9.17 10.43 11.57 12.82 14.77 16.39 
WMA-40% 6.88 7.10 7.71 8.28 9.26 10.15 11.20 12.74 13.99 
WMA-50% 6.68 6.82 7.36 7.98 9.31 10.14 11.22 12.79 14.12 
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Figure 13.  Dynamic Modulus at 25°C 
 
   Table 4.  Dynamic Modulus and Phase Angle at 25°C 
25˚C Mixture 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5 Hz 0.2 Hz 0.1 Hz 
Dynamic 
Modulus 
(MPa) 
411-D 
WMA-20% 8486 8122 6957 5871 4569 3681 2872 1976 1390 
WMA-30% 10968 10539 9233 7997 6454 5320 4274 3071 2259 
HMA-30% 12830 12304 10910 9549 7900 6722 5609 4276 3401 
WMA-40% 11829 11331 10020 8745 7189 6089 5042 3780 2890 
BM-2 
HMA-30% 12390 11961 10660 9398 7818 6701 5626 4360 3518 
WMA-30% 15432 14899 13201 11568 9559 8127 6728 5060 3973 
WMA-40% 17388 16810 15246 13736 11824 10464 9122 7434 6244 
WMA-50% 15422 14987 13586 12257 10516 9272 8044 6486 5405 
Phase 
Angle 
(Degrees) 
411-D 
WMA-20% 21.08 21.63 23.72 25.66 28.07 29.81 31.44 33.35 34.68 
WMA-30% 17.38 17.31 24.28 20.71 19.59 20.14 24.37 21.28 21.96 
HMA-30% 15.53 16.09 17.54 19.22 21.54 23.56 25.19 27.62 29.52 
WMA-40% 15.96 16.55 18.27 20.02 22.41 24.31 26.25 28.81 30.59 
BM-2 
HMA-30% 16.08 16.66 18.38 20.16 22.49 24.17 25.87 28.07 29.44 
WMA-30% 16.11 16.66 18.53 20.43 22.97 24.83 26.71 28.91 30.24 
WMA-40% 12.69 13.17 14.63 16.16 18.29 19.94 21.68 24.12 25.85 
WMA-50% 12.97 13.41 14.90 16.45 18.69 20.42 22.26 24.76 26.49 
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Figure 14.  Dynamic Modulus at 54°C 
 Table 5.  Dynamic Modulus and Phase Angle at 54°C 
54˚C Mixture 25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5 Hz 0.2 Hz 0.1 Hz 
Dynamic 
Modulus 
(MPa) 
411-D 
WMA-20% 872 601 406 289 177 135 189 131 103 
WMA-30% 904 746 519 370 229 158 126 91 75 
HMA-30% 1445 1271 878 627 399 283 213 155 124 
WMA-40% 945 782 547 441 275 187 143 103 83 
BM-2 
HMA-30% 1882 1676 1212 865 548 369 270 191 145 
WMA-30% 2402 2116 1504 1052 657 448 332 241 192 
WMA-40% 3583 3285 2440 1754 1104 756 543 367 274 
WMA-50% 2894 2613 1914 1373 868 595 426 287 215 
Phase 
Angle 
(Degrees) 
411-D 
WMA-20% 38.04 35.25 33.49 30.01 36.37 20.75 50.12 41.06 13.77 
WMA-30% 38.73 41.92 41.61 40.29 39.10 37.54 35.25 33.19 31.99 
HMA-30% 37.35 38.91 39.55 39.14 38.24 37.37 35.80 33.43 32.48 
WMA-40% 38.00 41.18 40.43 39.17 44.47 43.95 29.23 24.30 34.47 
BM-2 
HMA-30% 36.18 37.10 37.03 36.62 35.79 36.07 34.92 31.83 30.15 
WMA-30% 36.95 37.87 37.72 37.15 35.87 35.24 33.54 29.90 27.47 
WMA-40% 34.78 34.97 35.68 36.10 36.09 36.13 35.56 33.39 31.76 
WMA-50% 35.56 36.25 37.02 37.24 36.93 36.70 35.72 33.39 31.63 
 
     Table 6.  Flow Number 
Flow Number 
411-D 
WMA-15% HMA-15% WMA-20% WMA-30% HMA-30% WMA-40% 
61 76 145 153 564 315 
BM-2 
WMA-0% HMA-0% HMA-30% WMA-30% WMA-40% WMA-50% 
45 17 512 4265 5258 5270 
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4.2.2 Conditioned Simple Performance Test 
Figure 15 shows the results for Dynamic Modulus of conditioned specimens.  Decrease in 
dynamic modulus was observed in all conditioned specimens.  HMA showed higher dynamic 
modulus.  In Figure 16 the dynamic modulus ratio can be seen for specimens tested at 10˚C, 
25˚C and 54˚C, respectively.  At 10˚C HMA and WMA, on average, retained 83%- 87% of its 
dynamic modulus. At 25˚C, WMA retained 82% of its dynamic modulus on average, while 
HMA obtained 71% on average.  At 54˚ C, HMA and WMA retained more than 90% of its 
dynamic modulus at frequencies above 1.  At frequencies lower than 1, HMA dropped to an 
average of 80% retention, and WMA dropped to an average of 56% retention.  
 
     
  Figure 15.  Dynamic Modulus of Conditioned Specimens 
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Figure 16.  Dynamic Modulus Ratio of BM-2 Conditioned Specimens 
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4.3 Tensile Strength Ratio 
Conditioned strength tests were conducted to evaluate moisture susceptibility in WMA 
specimens with RAP. A summary of results is presented in Table 6.  Tensile strength increased 
with the inclusion of higher percentages of RAP for both BM-2 and 411-D mixtures as seen in 
Figure 17. It was observed that the higher RAP content corresponded with higher ratios for 
freeze thaw conditioning.  
Ratios for Resilient Modulus and DCSE$ are shown in Tables 7 and 8. From Figure 18 it 
was observed that Virgin HMA obtained higher Mr values and ratio then Virgin WMA. WMA 
with 30% RAP obtained a higher Mr value and ratio then HMA with 30% RAP. It was observed 
that the higher the RAP content, the higher the Mr retention was.  For DCSE$ conditioned 
specimens ratios decreased as RAP content increased in MIST conditioned specimens as seen in 
Figure 19. No trend was observed for FT conditioned specimens.  
 
Table 6.  Tensile Strength and Strength Ratio of Conditioned Specimens 
Mixture Unconditioned Freeze Thaw MIST 
Ratio 
(FT/Unco.) 
Ratio 
(MIST/Unco.) 
411-D 
WMA-15% 0.756 NA 0.835 NA 1.104 
HMA-15% 0.953 NA 0.961 NA 1.008 
WMA-20% 0.737 NA 0.786 NA 1.066 
WMA-30% 0.908 NA 0.850 NA 0.936 
HMA-30% 1.007 NA 1.207 NA 1.199 
WMA-40% 1.185 NA 1.125 NA 0.949 
BM-2 
WMA-0% 0.738 0.441 0.713 0.602 0.966 
HMA-0% 0.908 0.689 0.719 0.758 0.795 
WMA-30% 1.453 1.199 1.458 0.826 1.004 
HMA-30% 1.201 1.074 1.164 0.958 1.023 
WMA-40% 2.134 1.679 1.805 0.787 0.847 
WMA-50% 2.131 2.078 2.192 1 1.054 
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Figure 17. Tensile Strength and Ratio of Conditioned Specimens 
 
Table 8.  Resilient Modulus and Resilient Modulus Ratio of Conditioned Specimens 
BM-2 
Mixture Unconditioned Freeze Thaw MIST 
Ratio 
(FT/Unco.) 
Ratio 
(Mist/Unco.) 
WMA 0% 4843.69 2682.84 2723.91 0.555 0.601 
HMA 0% 6034.60 3556.39 4481.28 0.599 0.781 
WMA 30% 7340.68 5828.35 5570.51 0.796 0.761 
HMA 30% 6722.13 4719.84 4616.97 0.745 0.743 
WMA 40% 10497.06 7986.21 7049.76 0.762 0.672 
WMA 50% 10308.49 9228.99 8374.01 0.894 0.818 
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 Figure 18. Resilient Modulus and Ratio of Conditioned Specimens 
 
       Table 8: Dissipated Creep Strain Energy and Ratio of Conditioned Specimens 
BM-2 
Mixture Unconditioned 
Freeze 
Thaw MIST 
Ratio 
(FT/Unco.) 
Ratio 
(Mist/Unco.) 
WMA 0% 3.54 2.51 2.91 0.708 0.832 
HMA 0% 3.19 2.44 2.62 0.746 0.876 
WMA 30% 3.22 3.81 4.49 1.187 1.405 
HMA 30% 3.19 3.67 2.75 1.166 0.864 
WMA 40% 2.72 4.17 3.09 1.603 1.162 
WMA 50% 2.76 2.32 2.41 0.840 0.873 
 
 
 
Figure 19. Dissipated Creep Strain Energy and Ratio of Conditioned Specimens 
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4.4 Hamburg Wheel Tracking and Asphalt Pavement Analyzer 
Hamburg wheel tracking tests were conducted to evaluate moisture susceptibility in 
WMA specimens with RAP. A summary of the results is shown in table 9. All BM-2 mixtures 
containing RAP never reached maximum rut depth. Rut depth decreased with higher percentages 
of RAP for BM-2 mixtures this is shown in Figure 20.  HMA with 30% RAP showed a higher rut 
depth than WMA with 30% RAP.  Only Virgin WMA and HMA with 30% RAP for BM-2 
mixtures showed distinctive inflection points, at 665.5 and 4631 cycles respectively. All 411-D 
mixtures had inflection points below six thousand cycles except WMA with 40% RAP. An 
inflection point was not observed for WMA with 40% RAP. All 411-D mixtures reached 
maximum rut depth except HMA with 30% RAP and WMA with 40% RAP. 
Permanent deformation tests were done using the Asphalt Pavement Analyzer. Table 10 
shows a summary of the results. The highest rut depth was observed for the Virgin WMA 
mixture with a depth of 11.43 mm. Rut depths decreased with the inclusion of higher percentages 
of RAP this is shown in figure 21. WMA with 30% showed a lower rut depth than HMA with 
30% RAP.  
 Table 9.  Hamburg Test Results 
Mixture 
Type 
Mixture Inflection Point (cycles) 
Cycle of Max 
Rut Depth 
Max Rut Depth 
(mm) 
Air Voids 
(%) 
411-D 
WMA-15% 5456 6149 18.79 7.85 
HMA-15% 5704 8357 13.94 7.19 
WMA-20% 4414 5586 21.51 7.31 
WMA-30% 5720 6613 18.67 7.75 
HMA-30% 5231 NA 6.15 6.94 
WMA-40% none NA 11.75 7.34 
BM-2 
WMA -0% 665.5 950 12.00 7.50 
HMA-0% none 2662 10.50 6.40 
HMA-30% 4631 NA 7.70 6.40 
WMA-30% none NA 5.55 5.80 
WMA-40% none NA 4.25 6.80 
WMA-50% none NA 3.80 5.80 
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Figure 20.  Hamburg Test Results 
 
       Table 10.  Asphalt Pavement Analyzer Test Results 
BM-2 Mixture Rut Depth (mm) Air Voids % 
WMA -0% 11.43 7.7 
HMA-0% 6.18 6.9 
HMA-30% 8.3 6 
WMA-30% 3.34 5.8 
WMA-40% 3.48 6.7 
WMA-50% 2.69 5.7 
 
 
  
Figure 21.  Asphalt Pavement Analyzer Test Results 
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Chapter 5 
Conclusions and Recommendations 
 
5.1 Conclusions 
Laboratory experiments were conducted on WMA base, “BM-2”, mixture containing 0, 
30, 40, and 50 percent fractionated RAP,  HMA base,“BM-2”, mixtures containing 0 and 30 
percent fractionated RAP, WMA surface, “411-D, mixture containing 15, 20, 30, and 40 percent 
fractionated RAP, and HMA surface, “411-D, mixture containing 15 and 30 percent fractionated 
RAP. Three different moisture damage test methods were used, Superpave IDT with freeze thaw 
(F-T) and moisture induced stress test (MIST) conditioning, Hamburg Wheel Tracking Test, and 
Simple Performance Tests (SPT) dynamic modulus, with MIST. SPT dynamic modulus with 
MIST conditioning was only conducted on WMA and HMA mixtures containing zero percent 
fractionated RAP.  The Superpave IDT resilient modulus and strength tests were performed on 
IDT conditioned and unconditioned specimens. From these tests the following conclusions were 
drawn: 
1) Tensile strength increased with the inclusion of RAP.  When comparing HMA to 
WMA, Virgin HMA had higher tensile strength than WMA while WMA with 30% 
RAP had higher tensile strength then HMA with 30% RAP. 
2) Resilient modulus values increased while Dissipated Creep Strain Energy values 
decreased with the inclusion of RAP. This would tend to indicate that virgin mixtures 
would have a longer fatigue life than mixtures containing RAP. WMA and HMA with 
30% RAP had no significant difference between Mr and DCSE$ values, suggesting 
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that their fatigue life would be very similar.  
3) Moisture tests indicated that with the higher inclusions of RAP, specimens exhibited 
lower rut depths and higher tensile strength retention. Hamburg wheel track testing 
concluded that HMA had lower rut depths than WMA. Tensile strength ratio tests 
indicated that for BM-2 mixtures, HMA specimens had higher tensile strength 
retention when freeze thaw conditioned.  
4) Dynamic modulus conditioned specimens indicated that simple performance tests can 
show the difference between conditioned and unconditioned specimens. Hamburg 
wheel track tests and dynamic modulus ratio corresponds well with tensile strength 
ratio. Showing they both can be used to test for moisture damage.  
5) MIST conditioning for 1,000 cycles was adequate at conditioning dynamic modulus 
specimens but not TSR specimens, indicating dynamic modulus is more sensitive to 
moisture damage than tensile strength ratio.  
6) WMA specimens with RAP exhibited higher dynamic modulus throughout all 
temperatures and frequencies tested. WMA with 30% RAP had a higher modulus 
than HMA with 30% RAP for BM-2 mixtures and lower dynamic modulus for 411-D 
mixtures.  
7) The inclusion of RAP also increased the flow number. This corresponded well with 
Asphalt Pavement Analyzer rutting tests. For BM-2 mixtures, WMA with 30% RAP 
had a very high flow number compared to HMA with 30% RAP; a similar trend was 
observed with APA rutting also.  
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5.2 Recommendations 
All WMA specimens were compacted on site with a limited amount of material while all 
HMA specimens were compacted in the laboratory. Even though all precautious and measures 
were taken to assure quality there was still variances between air voids in the specimens. The 
moisture tests for this study indicated that HMA specimens showed lower susceptibility to 
moisture compared to WMA specimens for both BM-2 and 411-D mixtures. The higher 
percentages of RAP in WMA and HMA in both BM-2 and 411-D mixtures showed a reduction 
to moisture susceptibility.  Further field testing is recommended to validate the moisture 
susceptibility of field performance to laboratory compacted mixtures. Further evaluation should 
be done to determine if dynamic modulus ratio is a more accurate moisture test compared to 
traditional AASHTO T283 tensile strength ratio. 
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Appendix B: Indirect Tensile Strength Test Data 
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BM-2 6in IDT PG 64-22 stress strain 
  Stress,psi Failure Strain, in/in avg std cov avg std cov 
1WMA-1-1 127.339 0.004738 
            
1WMA-1-2 128.509 0.005025 
            
1WMA-2-1 150.0083 0.005358 135.0 11.4 8.4 0.0046 0.0006 12.1 
1WMA-2-2 126.4249 0.003830 
            
1WMA-3-1 128.4724 0.004358 
            
1WMA-3-2 149.3867 0.004243 
            
  
  
  
            
1WMA30-1-1 354.1783 0.000649 
            
1WMA30-1-2 281.9656 0.002487 
            
1WMA30-2-1 273.0075 0.003028 308.7 45.0 14.6 0.0023 0.0009 40.0 
1WMA30-2-2 292.0205 0.003342 
            
1WMA30-3-1 376.7745 0.002134 
            
1WMA30-3-2 274.4701 0.002450 
            
  
  
            
1WMA40-1-1 473.5578 0.001829 
            
1WMA40-1-2 347.0484 0.002540 
            
1WMA40-2-1 357.6884 0.002409 381.8 57.0 14.9 0.0022 0.0004 18.0 
1WMA40-2-2 339.5164 0.002253 
            
1WMA40-3-1 432.2411 0.001628 
            
1WMA40-3-2 340.6864 0.002613 
            
  
  
  
            
1WMA50-1-1 362.7341 0.001965 
            
1WMA50-1-2 340.3208 0.002055 327.0 33.6 10.3 0.0021 0.0005 24.0 
1WMA50-3-1 321.3078 0.001594 
            
1WMA50-3-2 283.5011 0.002798 
            
  
  
  
            
1HMA-1-1 171.0318 0.002777 
            
1HMA-1-2 159.4782 0.002674 
            
1HMA-2-1 152.3483 0.003209 183.6 28.0 15.3 0.0027 0.0010 36.9 
1HMA-2-2 204.5977 0.000863 
            
1HMA-3-1 188.9483 0.002676 
            
1HMA-3-2 225.4018 0.003801 
            
  
  
  
            
1HMA30-1-1 204.634 0.002501 
            
1HMA30-1-2 202.6596 0.003290 
            
1HMA30-2-1 212.0198 0.002189 224.0 9.7 4.3 0.0026 0.0006 24.0 
1HMA30-2-2 223.0254 0.003491 
            
1HMA30-3-1 222.9157 0.002385 
            
1HMA30-3-2 279.0039 0.001899 
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Appendix C: Simple Performance Test Data 
 
 
 
 
 
 
 
 
 
 
 
61 
 
411-D Dynamic Modulus (Mpa) 10°C 
  25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5 Hz 0.2 Hz 0.1 Hz 
WMA20-1 13632 13365 12318 11275 9833 8836 7773 6387 5381 
WMA20-2 13139 12778 11523 10292 8732 7597 6524 5211 4385 
WMA20-3 12835 12456 11315 10219 8794 7753 6754 5489 4663 
Average 13202 12866 11719 10595 9120 8062 7017 5696 4810 
Stdv 402 461 529 590 619 675 665 615 514 
                    
WMA30-1 14980 14546 13380 12235 10772 9553 8451 7060 6173 
WMA30-2 14289 13925 12860 11764 10335 9276 8199 6862 5865 
WMA30-3 16442 16168 15095 14011 12539 11323 10100 8531 7289 
Average 15237 14880 13778 12670 11215 10051 8917 7484 6442 
Stdv 1099 1158 1170 1185 1167 1111 1033 912 749 
                    
HMA30-1 18371 17964 16718 15642 14029 12824 11556 9913 8700 
HMA30-2 19118 18676 17505 16315 14714 13488 12235 10561 9263 
HMA30-3 18221 17787 16550 15490 13824 12601 11380 9817 8630 
Average 18570 18142 16924 15816 14189 12971 11724 10097 8864 
Stdv 480 471 510 439 466 461 451 405 347 
                    
WMA40-1 23304 22799 21382 19768 17473 15839 14696 12262 10658 
WMA40-2 17223 16760 15437 14075 12267 11029 9748 8213 7164 
WMA40-3 15382 14553 13320 12109 10598 9460 8394 7061 6210 
Average 18636 18037 16713 15317 13446 12109 10946 9179 8011 
Stdv 4146 4269 4180 3978 3586 3324 3317 2732 2342 
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411-D Dynamic Modulus (Mpa) 25°C 
  25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5 Hz 0.2 Hz 0.1 Hz 
WMA20-1 9049 8706 7504 6348 4950 4000 3131 2178 1565 
WMA20-2 8001 7622 6458 5427 4172 3317 2548 1694 1126 
WMA20-3 8409 8038 6909 5838 4585 3725 2938 2057 1480 
Average 8486 8122 6957 5871 4569 3681 2872 1976 1390 
Stdv 528 547 525 461 389 344 297 252 233 
                    
WMA30-1 10322 9933 8719 7562 6114 5073 4120 2994 2220 
WMA30-2 9174 8796 7686 6618 5303 4366 3497 2512 1843 
WMA30-3 13409 12889 11293 9811 7944 6520 5204 3706 2715 
Average 10968 10539 9233 7997 6454 5320 4274 3071 2259 
Stdv 2190 2113 1858 1640 1353 1098 864 601 437 
                    
HMA30-1 12297 11799 10413 9116 7516 6400 5343 4057 3165 
HMA30-2 12522 12049 10669 9393 7824 6762 5678 4401 3487 
HMA30-3 13670 13063 11647 10138 8361 7005 5806 4370 3551 
Average 12830 12304 10910 9549 7900 6722 5609 4276 3401 
Stdv 736 669 651 529 428 304 239 190 207 
                    
WMA40-1 11607 11135 9842 8629 7123 6052 5031 3788 2888 
WMA40-2 12433 11885 10498 9152 7517 6349 5242 3904 2972 
WMA40-3 11447 10974 9719 8454 6927 5865 4853 3648 2811 
Average 11829 11331 10020 8745 7189 6089 5042 3780 2890 
Stdv 529 486 419 363 300 244 195 128 81 
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411-D Dynamic Modulus (Mpa) 54°C 
  25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5 Hz 0.2 Hz 0.1 Hz 
WMA20-1 982.4 487.8 323.6 231.9 147.8 101.9 76.5 56.7 62.8 
WMA20-2 582.9 462.6 309.3 218.0 135.3 146.2 116.0 83.8 68.0 
WMA20-3 1051.0 853.7 586.5 417.2 247.7 158.2 375.6 252.3 177.6 
Average 872.1 601.4 406.5 289.0 176.9 135.4 189.4 130.9 102.8 
Stdv 252.8 218.9 156.1 111.2 61.6 29.7 162.5 106.0 64.8 
                    
WMA30-1 988.0 808.7 555.3 413.3 241.4 158.7 121.6 86.1 66.5 
WMA30-2 862.6 714.8 501.1 348.2 222.4 158.1 128.8 93.8 79.8 
WMA30-3 862.6 714.8 501.1 348.2 222.4 158.1 128.8 93.8 79.8 
Average 904.4 746.1 519.2 369.9 228.7 158.3 126.4 91.2 75.4 
Stdv 72.4 54.2 31.3 37.6 11.0 0.3 4.2 4.4 7.7 
                    
HMA30-1 1364.0 1264.0 837.0 612.4 399.7 287.7 221.4 160.1 128.9 
HMA30-2 1627.0 1383.0 969.4 677.6 419.6 289.9 213.3 151.2 117.3 
HMA30-3 1345.0 1165.0 826.4 591.7 379.1 271.5 204.8 153.6 126.1 
Average 1445.3 1270.7 877.6 627.2 399.5 283.0 213.2 155.0 124.1 
Stdv 157.6 109.2 79.7 44.8 20.3 10.0 8.3 4.6 6.1 
                    
WMA40-1 1045.0 891.3 639.7 617.5 388.7 261.2 195.8 142.8 113.4 
WMA40-2 975.0 802.2 559.8 400.2 252.7 173.7 133.1 101.3 83.8 
WMA40-3 813.6 653.6 442.5 303.9 183.6 127.4 100.6 64.9 51.7 
Average 944.5 782.4 547.3 440.5 275.0 187.4 143.2 103.0 83.0 
Stdv 118.7 120.1 99.2 160.6 104.4 67.9 48.4 39.0 30.9 
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BM-2 Dynamic modulus (MPa) 10˚C 
  25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5 Hz 0.2 Hz 0.1 Hz 
1HMA-1 16643 16191 14869 13557 11876 10590 9329 7744 6569 
1HMA-2 16701 16309 15258 14168 12735 11623 10451 8875 7594 
1HMA-3 17738 17047 15598 14218 12385 11045 9743 8096 6928 
Average 17027 16516 15242 13981 12332 11086 9841 8238 7030 
Std  616 464 365 368 432 518 567 579 520 
                    
1WMA-1 13755 13397 12217 11055 9460 8336 7216 5862 4884 
1WMA-2 14390 13973 12775 11536 9956 8728 7546 6082 5045 
1WMA-3 14360 14077 12947 11806 10258 9094 8012 6555 5498 
Average 14168 13816 12646 11466 9891 8719 7591 6166 5142 
Std 358 366 382 380 403 379 400 354 318 
                    
1HMA-30-1 22393 21990 20748 19488 17850 16538 15204 13375 12022 
1HMA-30-2 18292 17988 17020 16023 14686 13635 12574 11125 10050 
1HMA-30-3 20642 20274 19135 18020 16497 15292 14044 12336 11065 
Average 20442 20084 18968 17844 16344 15155 13941 12279 11046 
Std 2058 2008 1870 1739 1588 1456 1318 1126 986 
                    
1WMA-30-1 31048 30446 28758 27089 24830 22956 20958 18522 16586 
1WMA-30-2 26439 25977 24481 22845 20772 19115 17464 15314 13837 
1WMA-30-3 25266 24780 23433 22123 20417 19084 17718 15702 14068 
Average 27584 27068 25557 24019 22006 20385 18713 16513 14830 
Std 3056 2986 2821 2683 2452 2227 1948 1751 1525 
                    
1WMA-40-1 27112 26647 25255 23875 22040 20602 19137 17201 15785 
1WMA-40-2 25848 25524 24304 23123 21482 20221 18922 17111 15714 
1WMA-40-3 25396 25083 23847 22684 21156 19937 18441 16485 15063 
Average 26119 25751 24469 23227 21559 20253 18833 16932 15521 
Std 889 806 718 602 447 334 356 390 398 
                    
1WMA-50-1 24554 24150 23010 21867 20281 18998 17653 15922 14693 
1WMA-50-2 24178 23762 22586 21436 20125 18882 17576 15777 14342 
1WMA-50-3 24233 23946 22873 21746 20206 18949 17642 15875 14522 
Average 24322 23953 22823 21683 20204 18943 17624 15858 14519 
Std 203 194 216 222 78 58 42 74 176 
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BM-2 Dynamic modulus (MPa) 25˚C 
  25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5 Hz 0.2 Hz 0.1 Hz 
1HMA-1 8814 8417 7090 5897 4472 3533 2721 1855 1351 
1HMA-2 7954 7616 6505 5429 4129 3245 2472 1642 1147 
1HMA-3 9796 9344 7973 6714 5190 4157 3238 2232 1613 
Average 8855 8459 7189 6013 4597 3645 2810 1910 1370 
Stdv 922 865 739 650 541 466 391 299 234 
                    
1WMA-1 6331 6009 4929 3963 2829 2104 1534 969 675 
1WMA-2 6752 6392 5257 4223 3012 2243 1627 1032 713 
1WMA-3 6986 6681 5602 4546 3321 2517 1861 1225 842 
Average 6690 6361 5263 4244 3054 2288 1674 1075 743 
Stdv 332 337 337 292 249 210 168 133 88 
                    
1HMA-30-1 14354 13901 12441 11027 9238 7940 6668 5219 4247 
1HMA-30-2 9892 9576 8485 7423 6109 5179 4299 3249 2560 
1HMA-30-3 12924 12405 11054 9744 8108 6983 5911 4613 3747 
Average 12390 11961 10660 9398 7818 6701 5626 4360 3518 
Stdv 2278 2196 2007 1827 1584 1402 1210 1009 867 
                    
1WMA-30-1 16482 15727 13693 11823 9719 8236 6804 5104 4070 
1WMA-30-2 15194 14804 13197 11596 9476 7996 6550 4862 3769 
1WMA-30-3 14620 14165 12714 11285 9483 8150 6831 5215 4080 
Average 15432 14899 13201 11568 9559 8127 6728 5060 3973 
Stdv 954 785 490 270 138 122 155 181 177 
                    
1WMA-40-1 17723 17089 15474 13984 12047 10704 9285 7532 6309 
1WMA-40-2 17988 17358 15805 14255 12376 11015 9694 7980 6736 
1WMA-40-3 16453 15984 14459 12970 11050 9673 8386 6789 5688 
Average 17388 16810 15246 13736 11824 10464 9122 7434 6244 
Stdv 821 728 701 677 690 702 669 602 527 
                    
1WMA-50-1 16013 15605 14287 12985 11253 10014 8765 7163 6036 
1WMA-50-2 14460 13998 12548 11257 9559 8380 7241 5831 4845 
1WMA-50-3 15792 15358 13923 12530 10737 9421 8126 6463 5335 
Average 15422 14987 13586 12257 10516 9272 8044 6486 5405 
Stdv 840 865 917 896 868 827 765 666 599 
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BM-2 Dynamic modulus (MPa) 54˚C 
  25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5 Hz 0.2 Hz 0.1 Hz 
  25 20 10 5 2 1 1 0 0 
1HMA-1 922 727 479 333 196 117 100 87 71 
1HMA-2 712 557 372 258 158 109 91 75 62 
1HMA-3 697 531 360 244 145 92 76 67 59 
Average 777 605 403 279 166 106 89 76 64 
Stdv 126 106 66 48 26 13 12 10 6 
                    
1WMA-1 457 323 229 158 95 64 54 51 46 
1WMA-2 477 354 267 176 105 68 60 55 50 
1WMA-3 515 371 254 183 109 70 61 54 46 
Average 483 349 250 172 103 67 58 53 47 
Stdv 29 24 19 13 7 3 3 2 2 
                    
1HMA-30-1 1966 1765 1275 909 577 383 279 196 149 
1HMA-30-2 1904 1680 1208 860 540 366 269 188 143 
1HMA-30-3 1775 1583 1153 825 526 357 263 188 144 
Average 1882 1676 1212 865 548 369 270 191 145 
Stdv 97 91 61 42 26 13 8 4 4 
                    
1WMA-30-1 2644 2345 1682 1185 749 512 382 280 225 
1WMA-30-2 2591 2277 1613 1124 696 475 345 244 190 
1WMA-30-3 1970 1727 1216 846 526 358 269 198 161 
Average 2402 2116 1504 1052 657 448 332 241 192 
Stdv 375 339 252 181 117 81 58 41 32 
                    
1WMA-40-1 3365 3072 2282 1655 1068 740 528 356 267 
1WMA-40-2 3649 3317 2459 1775 1143 788 559 370 271 
1WMA-40-3 3736 3467 2580 1832 1102 739 543 376 284 
Average 3583 3285 2440 1754 1104 756 543 367 274 
Stdv 194 199 150 90 38 28 16 10 9 
                    
1WMA-50-1 3159 2861 2112 1523 974 665 472 319 240 
1WMA-50-2 2664 2407 1759 1257 790 540 381 256 191 
1WMA-50-3 2858 2572 1871 1338 840 581 424 285 215 
Average 2894 2613 1914 1373 868 595 426 287 215 
Stdv 249 230 180 136 95 64 45 31 25 
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BM-2 Conditioned Specimens 
 Dynamic modulus (MPa) 10˚C 
  25 Hz 20 Hz 10 Hz 5 Hz 2 Hz 1 Hz 0.5 Hz 0.2 Hz 0.1 Hz 
1HMA-1-C 14549 14156 13010 11845 10355 9251 8152 6794 5837 
1HMA-2-C 14011 13584 12409 11309 9831 8762 7696 6360 5428 
1HMA-3-C 16957 16468 15167 13835 12135 10864 9576 7960 6811 
Average 15172 14736 13529 12330 10774 9626 8475 7038 6025 
Std 1569 1527 1450 1331 1208 1100 981 827 710 
                    
1WMA-1-C 13083 12716 11594 10473 9082 8071 7075 5815 4877 
1WMA-2-C 10648 10268 9208 8157 6826 5901 5064 4007 3342 
1WMA-3-C 12398 12042 10951 9896 8542 7523 6563 5350 4491 
Average 12043 11675 10584 9509 8150 7165 6234 5057 4237 
Std 1256 1265 1235 1206 1178 1128 1045 939 798 
                    
 Dynamic modulus (MPa) 25˚C 
1HMA-1-C 6418 6078 5085 4195 3150 2456 1874 1282 944 
1HMA-2-C 6030 5538 4627 3834 2863 2218 1686 1129 816 
1HMA-3-C 7514 7137 5982 4896 3660 2876 2186 1477 1070 
Average 6654 6251 5231 4308 3224 2517 1915 1296 943 
Stdv 770 813 689 540 404 333 253 174 127 
                    
1WMA-1-C 5326 5045 4141 3313 2359 1751 1280 811 570 
1WMA-2-C 5969 5644 4650 3719 2716 2069 1544 1009 714 
1WMA-3-C 5206 4929 4050 3267 2329 1735 1280 826 587 
Average 5500 5206 4280 3433 2468 1852 1368 882 623 
Stdv 410 384 323 249 215 188 152 110 79 
  
 Dynamic modulus (MPa) 54˚C 
1HMA-1-C 695 589 407 292 176 112 90 77 66 
1HMA-2-C 676 507 344 237 136 85 66 52 28 
1HMA-3-C 743 583 395 272 160 101 78 63 38 
Average 705 560 382 267 157 99 78 64 44 
Stdv 34 45 34 28 20 13 12 13 20 
                    
1WMA-1-C 478 353 247 171 99 64 44 30 27 
1WMA-2-C 413 262 168 132 74 46 32 25 18 
1WMA-3-C 483 349 258 175 102 67 43 28 25 
Average 458 321 224 159 92 59 40 28 24 
Stdv 39 51 49 24 16 11 7 3 5 
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